-sulfate into cartilage tissue indicates the synthesis of aggrecan, the large aggregating proteoglycan (PG) that endows cartilage with resistance to compression. Scintillation counting of tissue digests provides a quantitative measure of incorporated sulfate but does not provide information on the spatial location of synthesis within the tissue. Such spatially specific information is necessary to determine which cell populatons respond to diffusible factors and to correlate local mechanical events (e.g., deformation, interstitial fluid stress) to cellular biosynthetic responses. The aim of this study was to develop and characterize a liquid emulsion autoradiography technique, including an automated grain counting procedure, to derive spatial profiles of aggrecan synthesis rates in cartilage. We chose mature 10-1Cmonth-old bovine humeral head articular cartilage as a model system and applied a liquid emulsion autoradiography technique to [35S]-sulfate-labeled, resin-embedded, and semithin-sectioned tissue explants. High-magnification light microscopy color images were captured on a computer. Automated image analysis for grain number determination included a color thresholding procedure to &criminate grains from the lightly stained structural image and computation of the average area of a single grain from each image. Determination of grain number, whether orig-(5A3662). inating from single grains or grain dusters, was performed by dividing the total grain area in the image by the average area of a single grain in the same image. This procedure largely eliminated the effecs of variations of microscope light intensity, camera performance, image focus, section stain intensity, and thresholding on the resulting grain numbers. By altering the specific activity of the medium radiolabel and the emulsion exposure times, we demonstrated a linear dose dependence, without saturation, of grain number on radicractive content in the underlying section. By cutting specimens in half and performing liquid scintillation counting on one half and autoradiography on the other half, we found that each disintegration occurring in the section during exposure resulted in 0.67 i 0.21 grains (mean i SD; n = 58). Therefore, counted grain numbers can be directly converted to incorporated sulfate, largely reflecting the synthesis of the PG aggrecan. As an example of calculated intratissue profiles of aggrecan synthesis rates, we found for the mature bovine tissue in serum-free medium that aggrecan synthesis increases monotonically from the articular surface to the radial zone by as much as tenfold. (J Histochem Cytochem 4U23-431, 1996) 
Introduction
The incorporation of sulfate into cartilage macromolecules is a specific measurement of the synthesis of proteoglycans (PGs) predominantly aggrecan (Sah et al., 1989; Hascall et al., 1983; Kimura et al., 1979) . The function of aggrecan in cartilage, a load-bearing tissue, is to provide resistance to compression, mainly through the presence of ionized sulfate and carboxyl groups on chondroitin sulfate. For example, the deposition of aggrecan during long-term CUIture of chondrocytes in agarose gels occurred concomitantly with a dramatic increase in load-carrying capacity of this synthetic cartilage-like tissue (Buschmann et al., 1992) . Increasing intermolecular repulsion caused by electric fields between these neighboring negative charges resists compaction . Given this prime functional role of aggrecan and the relative ease and specificity of measuring sulfate incorporation through radiolabeling and scintillation counting, it is not surprising that this technique has become a staple of cartilage research. The results of incorporation measurements after tissue digestion microdissection can provide some spatial localization of incorpora BUSCHMANN, MAURER, BERGFX, HUNZIKER tion in a tissue sample (Maroudas et al., 1990) . There are a number of classes of studies in which knowledge of the distribution, or spatial profile, of sulfate incorporation within a specimen would be useful. Mature, differentiated articular cartilage is very heterogeneous in cell phenotype and in extracellular matrix composition and structure (Aydelotte and Kuettner, 1993; Poole, 1993; Aydelotte et al., 1988a,b; Schenk et al. 1986 ). Hence, baseline metabolism and the cellular response to diffusible factors vary with location along the joint surface and throughout the depth of the tissue. Another domain of research in which measurements of spatial profiles of sulfate incorporation would be useful is in the characteritation of the metabolic response of cartilage to mechanical loading (Sah et al., 1992) . Even in the case of a relatively homogeneous tissue, mechanical loading induces spatially nonuniform interstitial fluid flows, tissue stresses, and strains (Mow et al., 1984) . Therefore, the correlation of spatially localized physical stimuli (interstitial flow, stress, strain) and biosynthetic responses (aggrecan synthesis) may provide information on relevant transduction mechanisms for mechanical stimuli. Recent studies using microdissection and scintillation counting have demonstrated spatially nonuniform responses to mechanical signals (Buschmann et al., 1995a; Kim et al., 1994; Korver et al. 1992; Parkkinen et al., 1992) . Our goal in this study was to develop and characterize a quantitative liquid emulsion autoradiography method to measure spatial profiles of sulfate incorporation in cultured explanted cartilage. By comparing to liquid scintillation counts, we showed that the method can reliably estimate sulfate incorporation within tissue volumes with dimensions on the micrometer level.
Materials and Methods

Tissue Isolation and Culture
Young (10-14-month) bovine humeral head articular cartilage, obtained from a local abattoir, was processed within 12-14 hr post exitus (joints being kept at 4'C before use). The humeral shaft was mounted in a vise and the joint capsule opened in near-aseptic conditions with a scalpel. A wedge of cartilagelbone was cut with a bone saw (Synthes M19.01; Straumann, Waldenburg, Switzerland) from the periphery of the load-bearing area of the humeral cartilage. The cartilage surface was continually irrigated with cold PBS containing 100 pglml gentamycin. The bone saw was used again to produce a lateral cut into the bone, underneath the cartilage, from the base of the cut wedge. A 4-mm-diameter cartilagelbone core was produced with a hand-held orthopedic coring drill (Prototype; Straumann). The coring bit was placed inside a guide sleeve contacting the articular surface, which ensured the perpendicularity of the core axis and articular surface. The length of the core was determined by the depth of the previously made bone saw cut. A 4-mm-diameter, 1.0-mm-thick disk of cartilage was ohtained from the cartilagel bone cylinder using a custom built cutting jig. The jig is composed of a rotating dental saw (#AOOOSll, 200-pm-thick blade; Tuescher, Bern, Switzerland) mounted across from a holding chamber for the cartilage cylinder. The holding chamber for the cartilage cylinder was mounted on a micrometer stage to facilitate accurate vertical positioning of the cylinder (to within -10 pm) to produce the desired disk thickness from the cartilagel bone cylinder. Cartilage thickness on the load-bearing area of the humeral head of these animals ranges from 0.8 mm to 1.5 mm. Cutting disks of 1.O-mm thickness minimize the presence of bone on the final specimen. (The device can easily cut through bone, however, and has been used in other studies to generate specimens composed mainly of cartilage but including a thin layer of bone to preserve the cartilagelbone in-terface.) After tissue isolation, cartilage disks were transferred to an aseptic environment, punched to 3.7-mm diameter with sterile dermal punches (#8265; Tuescher), washed several times in PBS containing gentamycin, and subsequently transferred to individual wells of 96-well round-bottom tissue culture plates (Costar #3799; Tecorama, Wallisellen, Switzerland) each containing 0.3 ml of serum-free culture medium (DMElF12 with 15 mM HEPES, 2 mM L-glutamine, 50 pglml gentamycin, 0.01% wlv BSA, 20 pglml ascorbate added fresh daily; all from Sigma, Buchs, Switzerland). Tissue culture plates containing a total of 44 cartilage disks were then transferred to an incubator (37"C, 95% air/5% C02) for overnight culture.
Radio labeling
After overnight incubation, culture medium was exchanged for fresh unlabeled medium. After 1 hr in fresh unlabeled culture medium, disks were divided into four groups of 10 and one group of four. For the four groups of 10, the unlabeled medium was replaced with medium containing 5 , 2 5 , 50, or 100 pCi/ml (3'S]-sulfate (lot 251AA, 1000 CilmMol; Amersham, Wegmueller and Co., Zurich. Switzerland), using one specific activity per group. The group offour was a control group that received unlabeled medium again. Radiolabeling continued for 3 hr, followed by three lo-min washes (37'C, 95% airl5% C02) and one 90-min chase, all in unlabeled culture medium.
Liquid Scintillation Counting
After the chase, disks were cut into halves with a scalpel. One half was blotted and weighed to obtain tissue wet weight. This half was subsequently lyophilized and digested in 1 mlldisk-half of papain [I25 pglml (Sigma) in 0.1 M sodium phosphate, 5 mM Na2-EDTA, and 5 mM cysteine-HCI, pH 6.51 for 16 hr at 60°C. Portions (100 pl) of the digest were analyzed for radioactivity by mixing with 5 ml of scintillation fluid (Erga-Safe Plus; Canberra Packard #6013249, Zurich, Switzerland) followed by single channel counting on a scintillation counter (Packard Xi-carb 4530; Canberra Packard). Single channel counting for 3'S on this counter is 82% efficient (82 f 5%, mean f SD; n = 8) so that counts per minute (cpm) can be converted to disintegrations per minute (dpm).
Fiiution, Embedding, and Sectioning
The second half of each disk was immediately fixed after cutting in 0.05 M Na-cacodylate (820670; Merck, Dietikon, Switzerland) buffer containing 2% vlv glutaraldehyde (G002, ?gab Lab Equipment; Fakola, Basel, Switzerland) and 2.5% w/v cetylpyridinium chloride (2340.0100; Merck) at room temperature (RT) for 16 hr. Metal-containing dyes, such as ruthenium hexaammine trichloride, the preferred PG-precipitating cationic agent (Hunzikere et al., 1982) . were not used because of their generation of a higher background signal on the emulsion by positive chemography and their absorption of D-radiation. Disk-halves were then washed four times over 2 hr in 0.1 M Na-cacodylate buffer and transferred to 70% ethanol. Specimens were dehydrated over 2 days in a graded series of ethanol concentrations (80%, 90%, 96%. 100% twice exchanged).
Specimens were embedded in Epon 812 by mixing 1.2 polypropylene oxide (PPO; Merck) and Epon 812 (Fluka; Buchs, Switzerland) in the following stages: pure PPO. three exchanges over 3 hr; 1:3 Epon:PPO for 5 hr; 1:l Epon:PPO for 24 hr; 3:l Epon:PPO for 24 hr; pure Epon with 0.6% N-benzydimethylamine (Fluka) for 3 days; pure Epon with 1.2% N-benzydimethylamine for 5 days at 60°C. Specimens were trimmed and semithin 1-"-thick sections were produced with an ultramicrotome (Ultracut S: Leica, Vienna, Austria) and placed on gelatin-coated glass slides (Superfrost Plus, Menzel Glases; Haska, Bern, Switzerland). The mean thickness of Epon-embedded cartilage prepared in a similar manner has been previ-ously determined to be 1.05 pm (coefficient of variation 3.9%; n = 21) (Hunziker and Schenk, 1989) .
Autoradiography
Emulsion Storage. Kodak NTB-2 emulsion is very light-sensitive, so all emulsion handling was performed under strict darkroom conditions using a Kodak #2 safelight filter and a 7.5-W bulb kept at least 1.3 meters away from the undeveloped emulsion at all times. Immediately after reception, Kodak NTB-2 emulsion was liquefied by heating at 4 3 T for 45 min and diluted 1:2 with an equal volume of distilled and deionized water (ddH2O). Ten-ml portions were aliquotted to plastic scintillation tubes (Greiner; Canberra Packard) and stored in a sealed black container at 4°C for up to 2 months.
Dipping. A plastic storage box (%ab Lab Equipment; Fakola) accommodating one glass slide when vertically dipped was filled with one 10-ml portion of diluted emulsion and prewarmed for 45 min at 43°C. Slide dipping was manually accomplished by holding slides individually and dipping in a continuous motion to the bottom of the container, covering approximately the lower two-thirds of the slide surface. The slide was held immersed for 10 sec, pulled out in a continuous stroke, and placed in an approximately vertical position leaning against a back benchboard to drip and dry for 2 hr at RT and room humidity. Before dipping an entire series, the absence of bubbles in the emulsion was confirmed by dipping some test slides. After drying, slides were placed in racks sealed in black containers (#1231; Semideni, Ostermundigen, Switzerland) and allowed to expose at 4'C for 7, 14, or 28 days. Unlabeled specimens as well as the emulsion adjacent to sections served as controls for positive background. Latent image fading controls were produced by dipping empty slides and exposing them to a short burst of room light.
Development and Staining. After the exposure period, the sealed containers were removed from 4 % and allowed to warm at RT for 2 hr before opening, to minimize condensation on the emulsion surfaces. Fresh and filtered Kodak Dl9 developer (250 ml) was placed in a container accommodating a rack containing 24 slides. Each rack of slides to be developed was immersed without agitation in the developer for 4 min (& sec). The rack was then placed in a stop bath of ddHzO for 10 sec, followed by placement in Kodak Unifix for 10 min (maximum of 24 slided250 ml Unifix). The rack of slides was finally placed in a container under running tapwater for 25 min and dipped in ddH2O before air-drying for 2 hr. Each. slide was lightly section-stained by placing one drop of 0.0078% toluidine blue in buffer (2% boric acid, 1% sodium tetraborate, pH 7.6) on the section for 1 min, followed by rinsing in ddHzO. Sections were covered with Entelan (7961; Merck/Darmstadt, Dietikon) and glass coverslips.
Computerized Grain Counting
Hardware and Software. Slides were viewed using a x 100 oil immersion objective (Olympus, SPlanApo 100; numerical aperture 1.40) on an Olympus Vanox light microscope equipped with a color CCD camera (Sony DXC-93OP). The output of the camera was connected to a Macintosh IIx computer through a RasterOps frame-grabber card (24XITV; RasterOp, Santa Clara, CA). The image analysis software IPlab (Signal Analytics; Vienna, VA) was used to capture images, threshold images, and calculate particle areas. Subsequent analysis was performed with Excel 4.0 from Microsoft. Because of the large amount of memory required for each image (~1 MB), an external optical disk drive was used to store and retrieve images and data.
Sampling Procedure. To compare grain counts with scintillation counts from the two halves of the same specimens, we acquired images in an unbiased but representative manner from the sections, i.e., using systematic random sampling. Because the radioactive sources in the embedded tissue are effectively infinitesimal points (the size distribution of the population of individual grains is ideally a line function at zero), the sampling volume introduced by the cut section selects particles in an unbiased manner. Grain number per unit section area was determined by calculating the areas of individual grains within a defined area of the emulsion on the section. At high power ( x 100). the largest available area of the individual image in our system in 100 vm x 72 vm. The total section area was -3700 x 800 pm. We captured 10-12 images from one section of each specimen using a grid placed on a video printout of the section viewed at low power (x4) to facilitate systematic random sampling and image location at high power, for computer capture. The grid was a solid grid of squares equal to the image size (100 x 70 pm, 33 columns, 14 rows). Two random numbers were chosen, one for the starting column (between 1 and 8) and one for the starting row (between 1 and 4). This location was the first image captured. The locations of the subsequent images were determined by adding 4 to the row number. When the row number exceeded 14, row location was found by wrapping around through row one and the next column was chosen by adding 8 to the column number. With this sampling methodology, image locations are unbiased (random location due to random start), systematic (representative of the entire section), and the locations of individual images in the section can be recorded for later reference. The latter allowed characterization of sulfate incorporation rates as a function of depth from the articular surface.
Image Capture. The image position was located at low power using the grid as described above, the objective was changed to high power ( x 100). and the image was focused and captured. We subjectively found particular settings on our camera and microscope that maximized the contrast between the lightly blue-stained structural image and the black autoradiography gains as viewed by transmitted light. These parameter settings (e.g., color mixture, electronic shutter speed, microscope light intensity) were kept constant throughout the study. A preliminary study indicated that altering parameter settings within a range of values which, by eye, appeared to distinguish grains from structural stain resulted in grain numbers that were very similar when the following counting procedure was used. The insensitivity of grain number to these image acqu very important, because thermal instability of light intensity and camera properties. as well as imperfect reproducibility of the section stain intensity, rendered difficult the attainment of consistent image acquisition conditions.
Image Analysis. Image thresholding and calculation of individual particle areas was performed using the image analysis program IPlab. Each pixel in the captured color image (600 x 432 pixels; 1 pixel = 1/6 pm x ll6 pm) was composed of three numbers, each ranging from 0 to 255, representing the intensities of red, green, and blue (so defined by the camera settings). A value of 0 indicates no light intensity, and 215 is the maximal intensity for a particular color. Because the background structural image was blue (lightly stained), the highest contrast for grain/stain discrimination was on the blue image. After inspection of a large sample of captured images for the entire study, a threshold blue value of 100 was chosen to distinguish grain pixels (<loo) from non-grain pixels (>loo). The final grain numbers were insensitive to the particular setting of this threshold value within a wide range of reasonable choices. A list of the areas in pixels of each particle in the thresholded image was calculated and exported as a text file. This text file was imported into the program Excel, whereupon a histogram of particle area (number of particles with a given particle area vs particle area) for each image was produced. The average area of a single grain in each image was calculated from this histogram by computing the average area of all particles with areas smaller than 23 pixels (0.64 pm2). As with image acquisition parameters and the threshold blue value, preliminary studies showed that changing the value of this maximal area of an individual grain (23 square pixels) had a limited effect on final grain number, since the vast majority of particles had areas below this value. The Figure 1 . A high-power oil immersion objective was used to focus the layer of silver grains on top of a semithin (1 pm) Epon section lightly stained with toluidine blue. The image (100 x 72 pm) was captured onto a computer system (A) and was thresholded on the blue channel to separate silver grains from the background structural image (E). The area of each particle was determined and a histogram of particle area was constructed (C). The average area of a single grain was calculated by considering all particles with areas up to 23 pixels as single grains. The number of grains in the image was found by dividing the total area of grains by this average area of a single grain in the same image. This counting procedure largely eliminated the effects of variations in microscope light intensity, image focus, camera performance, section stain intensity. and thresholding on final grain number. Original magnification x 950. Bar = 20 um.
number of grains in the image was calculated as the total area of particles divided by the average area of an individual grain within that same image. The background present on each section was estimated by acquiring and analyzing two images adjacent to the analyzed section. The final values of grain density were corrected for background by subtracting the average number of grains for these two off-section images from the number found in the on-section images.
Results
Operator-independent Grain Counting
The image analysis procedure used here to compute the number of grains in a captured image is outlined in Figure 1 . A color image acquired with a high-power x 100 objective is captured ( Figure 1A) .
The blue image is thresholded to separate grains from the structural background stain ( Figure 1B) and a histogram of grain area is computed ( Figure IC) . The grains with areas smaller than 23 pixels (0.64 pm2), are considered as single grains and the average single grain area is computed. The entire grain area of the image is divided by the average area of thee single grain to obtain grain number in the image. A number of preliminary studies were performed to delineate this grain counting procedure, such that the resulting grain number is insensitive to variations in microscope conditions (e.g., light intensity), camera settings (e.g., color mixture. electronic shutter speed), image focus. section stain intensity, and threshold setting for the image. The most important elements in the grain counting procedure were found to be the division of total grain area by average single grain area obtained from the same image, the use of the highest power oil immersion objective available ( x loo), and the color discrimination of grains vs background (blue in our case). In a preliminary study, for one particular image location on a section, we intentionally varied the microscope light intensity through a wide range of settings, substantially exceeding what might be expected due to operator-introduced variations. The threshold was set subjectively for each image. The resulting total grain areas for these images from the same location had a coefficient of variation (CV) of 28%, and after division by single grain area the CV of grain number was 5.3% (n = 15). Total grain area for the images taken from this same location were between 1055-4232 pixels, single grain area between 4-14 pixels, and after division of total grain area by single grain area the number of grains in the images only varied between 255 and 300. We found similar results when we intentionally defocused an image and when we used different camera settings. Aside from normalization to individual grain area, we also found very important the use of the highest power oil immersion objective ( x 100). For example, intentional alterations in microscope light intensity for the same image location resulted in a total grain area CV of -30%, as described above. For images acquired with the x 100 objective, division by single grain area resulted in a grain number CV of -5%. whereas those acquired with a x60 objective had a grain number CV of -10% and those with a x40 objective had a grain number CV of -20%. The high-power objective is more effective in normalizing out variations in image conditions for two reasons: (a) the depth of field of the x 100 objective is thin enough (-0.2 pm) to blur the stained section when the grains are in focus, and (b) the grain size (0.31-0.65-pm diameter) is near the limit of resolution of the light microscope. The thicker depth of field and lower resolving power of the lower power objectives renders them less effective in our grain counting procedure. In addition, preliminary studies comparing gray-level thresholding to thresholding on the blue channel indicated that the higher contrast between grains and background obtained using the color thresholding procedure yielded more reliable grain numbers, mainly owing to increased discrimination of darkly stained nuclei (blue) and grains (black).
Linear Emulsion Response with Limited Saturation
Four groups of 10 cartilage disks were radiolabeled, each group with a different specific activity of [3'S)-sulfate: 5 , 25, 50, or 100 pCilml. Figure 2A shows section) number of grainsl100 pmZ for each of these groups. The line is the best-fit linear regression of the 40 individual grain densities. Limited nonlinear emulsion response and limited saturation are indicated by the small discrepancy between the line and the points and the intersection of the line with the y-axis above y = 0. Within the measured grain density range, 2-20 grainslloo pmZ, the grain density is approximately linearly dependent on medium label concentration. Representative examples of images taken from each of the four groups of Figure 2A are shown in Figure 3 . A similar, approximately linear dose-response with minimal saturation was observed when sections taken from the group labeled with 50 pCi/ml were exposed for 7 , 14, or 28 days ( Figure 2B ). The grain density for each individual section was corrected for background. The background grain density was 0.71 k 0.21 grainslloo pm2 (mean k SD; n = 42). There was no significant difference between the background calculated from on-section images of unlabeled material and off-section images of labeled material, indicating that no positive chemography was present. This amplitude of background grain density (0.71 * 0.21 grainsllO0 pm2) was a small fraction of the measured signal on a section, with the exception of images captured in the superficial region (depth of 0-200 hm) of the disks labeled with the lowest specific activity, 5 pCilml (see Figure 5 and description below). We also saw no evidence of latent image fading, as judged qualitatively by observing the signal on emulsions that received a short burst of light after dipping and were allowed to expose in sealed containers for 7, 14, and 28 days (i.e., the signal did not weaken after prolonged exposure times).
Comparison to Liquid Scintillation Counts
The results of Figures 2A and 2B show a linear increase in grain density when either medium specific activity or exposure time was increased, demonstrating a relative quantitative relationship between grain density and the content of radioactivity in the section. By cutting labeled specimens in half and comparing liquid scintillation counts to the average grain density of the same specimen, we were able to obtain an absolute quantitative relationship between content of radioactivity in the section and grain density, shown in Figure 4 . Using the results of the scintillation counting, the number of disintegrations expected during autoradiographic exposure per unit section volume were calculated using the following formula:
( 1 glml) , and time is the autoradiographic exposure time in minutes (1 week = 10,080 min). Decay is the decay factor arising from exposure time and scintillation counting not occurring simultaneously, found from decay = (exp(-dl . ln2/t1/2)exp(-d2 . ln2/tl/2)) . t~,2/(days . ln2)
( 2) where d l and d2 are the number of days after scintillation counting that the exposure was started and terminated, respectively, t l i 2 We determined that each disintegration occurring within the 1-pm-thick section during the exposure period resulted in 0.67 0.21 (mean t SD; n = 58) counted grains. Each point in Figure  4 indicates the value of grainsldisintegration found for one particular specimen, the line is the best-fit linear regression of the 40 points, the symbols with error bars are the mean t SE (n = 6 or 10) of the values for each particular group (four groups of differ- ent specific activities, three groups of different exposure times), and the inset shows the results from a preliminary study using a different set of 13 specimens. The proportionality, grains/disintegration, is approximately constant, independent of grain density, medium specific activity, and exposure time over a wide range of these parameters. Grain densities can be converted directly to disintegrations of [35S]-sulfate per unit time in the section and therefore to local rates of sulfate incorporation, essentially reflecting the rate of aggrecan synthesis.
Spatial Profiles of Suvate Incorporation
The demonstration of an absolute quantitative relationship between grain density and sulfate incorporation was made by comparing scintillation counts to grain densities that were spatially averaged over the observed section. The advantage of the autoradiographic technique compared to scintillation counting, however, lies in its ability to render spatially localized estimations of sulfate incorporation and spatial distributions of newly synthesized aggrecan, e.g., relative to cells or cell membranes. Such a capability is demonstrated in Figure 5 , in which the grain density is plotted as a function of depth from the articular surface for the four groups of different specific activities. Our sampling procedure (see Materials and Methods) allowed the recording of image position relative to the articular surface. For each specimen (10 per group), there was on average one image taken every 72 pm from the surface, starting with an image whose center was positioned 36 pm below the articular surface. Figure 5 shows the mean * SE of these 10 images at each depth, each image from a different 3.7-mm disk, but all disks from the load-bearing region of the humeral head (three heads total). The grain density, representing aggrecan synthesis, is lowest at the articular surface and increases more than tenfold proceeding to the deep radial zone. Approximately the same profile shape is seen independent of medium specific activity. Rate of sulfate incorporation, representing aggrecan synthesis, as function of depth can be directly calculated from the grain densities in Figure 5 . For example, the rate of sulfate incorporation vs depth can be found from the group labeled with 50 pCilml by multiplying the grain density (grains/100 pm2) by 0.674 grains ' ( lo-' pl 1 ' 0.6289 decay 20,160 min ' 1 100 pm3 In the above equation, 100 pm3 = lo-' pl is the section volume underneath a 100-pm2 section area, and 409 nMollml is the concentration of cold sulfate in DMEIF12. Hence, there was 0.002 + 0.029 (surface + deep) nMol sulfate per pl specimen volume per hour incorporated. Using microdissection and scintillation counting, similar sulfate incorporation rates and depth dependence of aggrecan synthesis have been noted previously with cartilage explants cultured in the absence of serum (Korver et al., 1990; Maroudas et al., 1990) . Importantly, the addition of serum disturbs the depth-dependent profile considerably, stimulating superficial cells in preference to those in deeper zones (Korver et al., 1990; Maroudas et al., 1990) . 1 00pCVml 5OpCVml 25pCVml 5pCiiml explants has been described. A grain counting procedure utilizing the calculation of an average single grain area was applied to captured and thresholded high-magnification light microscopic color images. Culturing cartilage explants in media of different specific activity of [3'S]-sulfate, as well as the use of a range of exposure times, served to vary the content of the radioactive source within sections in a controlled and predictable manner. An approximately linear increase in counted grain density with increasing medium specific activity and emulsion exposure time demonstrated that the emulsion technique and grain counting procedure were capable of quantitating relative differences in sulfate incorporation within a specimen section. By cutting specimens in half and performing liquid scintillation counting on one half and autoradiography and grain counting on the other half, we were able to show that each disintegration within the section during emulsion exposure generated 0.67 +. 0.21 grains (mean +. SD; n = 58). This proportionality constant relating grains and disintegrations was independent of medium specific activity, exposure time, and resulting grain densities within the ranges we tested. The methodology outlined here provides the basis for studying spatial profiles of sulfate incorporation in cartilage explants and changes in those spatial profiles in response to external agents such as peptide growth factors and mechanical stimulation or tissue loading. For example, we have applied this quantitative autoradiography technique to mechanically loaded cartilage disks and observed both stimulation and inhibition of aggrecan synthesis within disks (Buschmann et al., 1995 b,c) . By correlating grain numbers and stereologically measured structural parameters (cell and nuclear volume, surface area, and radii) from the same regions within loaded disks, we found that changes in aggrecan synthesis correlated strongly with changes in cell and nuclear structure (Buschmann et al., 1995b) . Previous investigations have provided automated grain counting procedures either for liquid emulsions or autoradiographic film (Puustjarvi et al., 1993; Parkkinen et al., 1990; Sklarew, 1982) . In most cases, the quantitative nature of the method was characterized by comparing the results of automated grain counts to visual counts, the latter considered as the standard (Parkkinen et al., 1990; Sklarew, 1982) . Therefore, the possibility of nonlinear emulsion response or saturation was not assessed. A point of commonality between our method and these previous techniques is the calculation of an average single grain area for normalization of total grain area. In the study utilizing autoradiographic film, known internal standards of [35S]-sulfate-labeled PGs were applied to films to facilitate conversion of a measured gray level to sulfate incorporated (Puustjarvi et al., 1993) . In this study (Puustjarvi et al., 1993) , a highly nonlinear relationship between radioactive source and image gray level was observed. The advantage of liquid emulsion over autoradiographic film is the simultaneous high (light microscopic) resolution observation of grain distribution and background structural image. We do not know of any previous light microscopic autoradiography study confirming a linear emulsion response, although electron microscopic autoradiography has demonstrated linear emulsion responses to several isotopes (Harris and Salpeter, 1980; Fertuck and Salpeter, 1974) . The advantages we found in using a high-power objective for image capture and a color image for grain thresholding were also not previously mentioned. In addition, the hardware and software of our imaging and grain counting system are not specialized and are relatively inexpensive.
Of particular interest in our study was the result that each disintegration within the section during exposure generated 0.67 k 0.21 grains (mean * SD; n = 58). In a separate study using young calf articular cartilage, we have found -10% linear shrinkage due to dehydration and embedding, which translates into -27% volume shrinkage. The volume of our scintillation counted specimens calculated from their wet weight and mass density (Eq 1) does not account for the shrinkage that occurs during dehydration and embedding in the autoradiography specimens. The number 0.67 k 0.21 grainddisintegration, corrected for -27% volume shrinkage, would become 0.50 +. 0.15 grains/disintegration. Since the emulsion covers one surface of the section and the other surface is in contact with the glass slide, it is expected that half of the disintegrations occurring within the section will pass through the emulsion. We therefore have obtained an approximately one to one relationship between disintegrations passing through the emulsion and developed grains.
One parameter that may affect the measured value of grains/disintegration is the emulsion thickness during exposure. Because [ 3'S]-sulfate can potentially pass through and activate more than one silver bromide crystal in the emulsion (Rogers, 1979) , a thicker emulsion may result in more developed grains. Using the highpower x 100 objective, all grains were in focus simultaneously, while the underlying surface of the stained Epon section was out of focus. This suggests that the developed grain layer was a monolayer, since grain diameter was 0.31-0.65 pm and the depth of field of our objective was -0.2 pm (the value of grain diameter is from the histogram in Figure 1 and the pixel width of 1/6 Fm). We do not infer, however, from this observation that the emulsion thickness during exposure before development and drying, in our studies, was also a monolayer, because drying may collapse a multilayer film onto a monolayer. Extrapolating the results of previous studies of emulsion sensitivity to various radioisotopes in electron microscopic autoradiography suggests that [ 3'S]-sulfate would generate 0.50 grainddisintegration in an emulsion layer composed of ~5 overlaid crystal monolayers (Harris and Salpeter, 1980; Fertuck and Salpeter, 1974) . Although these studies used Ilford L4 rather than Kodak NTB-2 emulsion, they do suggest that our emulsion was multilayered during exposure, which increased its sensitivity to render the measured value of -0.50 grains/disintegration. An important conclusion from these considerations is that emulsion treatment (dilution) and dipping techniques (speed of withdrawal, vertical drying) must be consistent for reproducible quantitative results. We have demonstrated reproducibility with our technique because an independent study resulted in essentially the same proportionality between grains and disintegrations (Figure 4 compared to Figure 4 inset).
Other factors that have generally inhibited quantitative autoradiography are the potential for double hits on one silver bromide crystal and the problem of counting individual grains within grain clusters. Both of these phenomena should generate some saturation in grain counts at higher grain densities, a problem that we did not observe. In our case, the counting of grains within clusters was resolved by the automated grain counting procedure in which the area of a grain cluster is divided by the area of a single grain to obtain grain number. The fact that no significant saturation was observed indicates that there was also little probability of double hits on a single bromide crystal, even at the highest specific activ-ity used for radiolabeling. We can deduce some hints about the in situ distribution and/or conformation of newly synthesized aggrecan from this observation. Our highest specific activity of 100 pCi/ml of [35S]-sulfate in the DMEM/F12 medium that contains 0.409 mM cold sulfate means that each [3'S]-sulfate represents -5.8 x lo3 cold sulfates, i.e., approximately one labeled sulfate per newly synthesized aggrecan [given one sulfate per chondroitin sulfate disaccharide (CS) MW =500, and aggrecan MW =2 x lo6). An undeveloped grain in the NTB-2 emulsion covers a section volume of -0.07 pm3 and in the deep radial zone aggrecan concentration is -100 mg/ml. We computed, therefore, that -10' CS will be present in the volume corresponding to one emulsion crystal, representing approximately 2000 aggrecan. Since over a 2-week exposure -1llO of the [3'S]-sulfate present will disintegrate, if the 2000 aggrecan present under one emulsion crystal were all newly synthesized there would be -200 disintegrations during the 2 weeks, 100 going through the emulsion. The angular distribution of b-particles originating in a 1-pm-thick section would result in dispersing these -100 P-particles over an area of emulsion containing -10 crystals. Hence, each crystal would see -10 p-particles, which would generate saturation, a prediction inconsistent with our observations. Instead, it appears that there are fewer than 200 newly synthesized molecules among these 2000. The lack of saturation is therefore consistent with an interspersing of newly synthesized aggrecan among resident molecules, over micrometer-level dimensions. An additional contribution to our observation of lack of saturation may be that the in situ conformation of aggrecan is open and interpenetrating with neighboring molecules. The most open conformation can be calculated with the structural information given in a previous study (Morgelin et al., 1989) , showing that the most extended conformation of aggrecan would result in a CS concentration of that single molecule of about 1 mglml, 100 times lower than the compact form. Our finding of limited saturation may be caused by interspersing of newly synthesized aggrecan among resident molecules and, potentially, a n interpenetrating extended conformation of the molecule in situ.
